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Magnetic and structural properties of (Ga,Mn)As/(Al,Ga,Mn)As bilayer films We investigate the dependence of the magnetic and structural properties of (Ga,Mn)As/ (Al,Ga,Mn)As bilayer films on the stoichiometry of the interface region. For films incorporating a thin As-deficient layer at the interface, the out-diffusion of interstitial Mn from the bottom layer is strongly suppressed, resulting in a large difference in T C and magnetic anisotropy between the two layers. X-ray reflectivity measurements show that the suppression of interstitial diffusion is correlated with an increased interface roughness. When the As-deficient interface layer is thicker than 2.5 nm, the in-plane uniaxial magnetic easy axis rotates from the [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] The dilute magnetic semiconductor (Ga,Mn)As has been the subject of intense research in the field of spintronics. 1 Many of the attractive properties of (Ga,Mn)As arise from the high sensitivity of the magnetic anisotropy and the Curie temperature (T C ) to variations in the alloy concentration [1] [2] [3] [4] [5] [6] [7] [8] [9] or to the application of electric fields 10, 11 or mechanical strain. [12] [13] [14] [15] The sensitivity of the magnetic properties to the alloy composition opens up the possibility to grow heterostructures by molecular beam epitaxy (MBE) where different layers can have a different magnetic anisotropy and/or T C . Such structures are useful for investigating phenomena such as tunnelling magnetoresistance (TMR), 16 tunnelling anisotropic magnetoresistance (TAMR), 17, 18 and spin transfer torque (STT).
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A well established method to enhance the T C of (Ga,Mn)As is to anneal, post growth, at temperatures below the growth temperature. 20, 21 This allows interstitial Mn ions (Mn I ) to be removed from the lattice by diffusion of the ions to the surface where they are passivated. The Mn I , which forms naturally during the MBE growth of the (Ga,Mn)As layers, act to compensate the charge carriers (holes) that mediate the ferromagnetic interaction and the magnetic moments of the substitutional Mn ions. Hence, removal of the Mn I leads to an increase of T C . The application of this technique to heterostructures requires that the interstitial Mn migrate from the buried layers through any subsequent layers in order to reach the surface of the structure. It was previously shown that both GaAs capping layers 22 and GaAs spacers in trilayer structures 23 inhibit the removal of interstitial Mn, while passivation is enhanced in thin (Ga,Mn)As layers capped with As. 24 The ability to independently remove the interstitial Mn from specific layers in a heterostructure would increase the range of possible layer combinations with desired magnetic properties that could be grown.
In this study, we investigate the out-diffusion of Mn I in (Al,Ga,Mn)As films which are capped by a thin layer of (Ga,Mn)As. Although (Al,Ga)As is widely used in semiconductor technologies, its magnetic counterpart (Al,Ga,Mn)As has received little attention. It has been shown that the T C decreases with increasing concentration of Al. 3, 25 Furthermore, ion channeling measurements indicated that the fraction of Mn occupying interstitial sites is increased in (Al,Ga,Mn)As compared to (Ga,Mn)As with similar total Mn concentrations. 3 Here we show that in the bilayer films, the annealing effect on the (Al,Ga,Mn)As is strongly sensitive to the detailed growth conditions in the region near the interface with the (Ga,Mn)As. In particular, we observe that a deficiency of As in this region leads to a strong suppression of Mn I out-diffusion.
The structures investigated consist of 7 nm-10 nm (Ga 0.94 Mn 0.06 )As grown on 20 nm (Al 0.3 Ga 0.66 Mn 0.04 )As. The layers were grown by MBE on semi-insulating GaAs(001) substrates with a low temperature GaAs buffer layer. The transition from the (Al 0.3 Ga 0.66 Mn 0.04 )As layer to the (Ga 0.94 Mn 0.06 )As layer was made by shutting off the Al flux while keeping the Ga and Mn fluxes constant. Hence, the nominal Mn percentage increases from 4% to 6%. To maintain the correct III-V stoichiometry the As pressure must also be reduced. Since the As pressure responds slowly over a period of several seconds to a reduction in the setting of the As valve, the As valve was reduced shortly before shutting off the Al flux to ensure the correct stoichiometry in the interface region. Reducing the As valve earlier resulted in a region of the (Al 0.3 Ga 0.66 Mn 0.04 )As layer, of order a few nm thickness, that was deficient in As. We define the parameter d as the distance below the interface at which the As valve was reduced, and the value can be calculated by multiplying the growth rate by the length of time since the As flux started to reduce until the Al flux was shut off. A range of structures for which d was varied from 3 nm to À3 nm have been investigated (the negative value indicates that the As valve was reduced after the Al flux was shut off, resulting in an excess As flux during the initial growth of the (Ga,Mn)As layer).
The samples were characterized by measuring the magnetic properties along different crystal directions using a quantum design superconducting quantum interference device (SQUID) magnetometer. Figs. 1(a) and 1(b) show the projection of the temperature dependent remnant moment, measured after cooling in a saturating field of 1000 Oe, for two control samples consisting of 25 nm (Al 0.3 Ga 0.64 Mn 0.06 )As and 7 nm (Ga 0.94 Mn 0.06 )As, respectively, grown on GaAs(001) substrates with (Al,Ga)As buffer layers. The samples were measured as-grown and after annealing in air at 180 C for 48 h. both samples the low temperature annealing results in an increase of T C and a modification of the magnetic anisotropy. For the (Al 0.3 Ga 0.64 Mn 0.06 )As sample, the easy axis points out of the plane for the as-grown sample, possibly due to a strong localization of carriers due to the addition of Al. 3 After annealing the easy axis points in the plane, predominantly along the [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] direction over most of the temperature range. For the (Ga 0.94 Mn 0.06 )As sample, the magnetic anisotropy is in-plane. 26 It consists of a cubic component favoring easy axes along the [100] and [010] directions and a uniaxial component favoring the [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] direction. In common with most studied (Ga,Mn)As layers, 26, 27 a spin reorientation transition is observed in the as-grown layer, with the cubic anisotropy dominating at low temperatures and the uniaxial anisotropy dominating at higher temperatures. After annealing the uniaxial anisotropy dominates over the whole temperature range. Fig. 2(a) shows the projection of the temperature dependent remnant moment measured for a bilayer sample S1 with d ¼ 3 nm. In the as-grown state there is a significant moment in the out of plane [001] direction at the lowest temperature. This component disappears above 5 K. There is also a component of the magnetization along the [110] direction that persists up to 49 K. After annealing (Fig. 2(c) etching the top surface and annealing the sample again. The etchant is 30% HCl, which is known to remove the top %1 nm of oxidized material after 30 s etching. 28 The sample was annealed at 180 C for 10-15 h each time after etching. Fig. 3 shows that the effect of successive etching and annealing steps is to reduce the moment and T C associated with the component of the magnetization along the [110] direction. This confirms that this component is from the top (Ga 0.94 Mn 0.06 )As layer. The reduction of T C observed on thinning the (Ga,Mn)As layer is consistent with previous observations. 29 It is striking that the component of the magnetization along the [001] direction remains unaltered by the successive etching and annealing treatments. This remains the case until 6 etching and annealing steps have been performed, and the magnetization along the [110] direction has almost vanished (Fig. 3(c) ). Upon subsequent annealing treatments the magnetization component along the [001] direction reduces, and a component along the [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] direction emerges with an increased T C (Fig. 3(d) ). This final trend is similar to that observed upon annealing the We have studied 6 samples from 6 separate wafers with d in the range À3 nm to 3 nm (Table I) . After annealing, the characteristics of the measured remnant moment fall into two categories. Either a large moment remains along the [001] direction and a single transition is observed in the inplane direction, indicating a suppression of the interstitial Mn out-diffusion from the bottom layer, as for samples S1, S3, and S5 or the moment along the [001] direction diminishes and two distinct transitions are observed in the magnetization in the plane, indicating that interstitial Mn can outdiffuse from the bottom layer, as for samples S2, S4, and S6. The suppression of interstitial Mn out-diffusion from the bottom layer is only found to occur for samples with d ! 2 nm.
In order to characterize the influence of d on the structure of the buried interface, x-ray reflectivity (XRR) measurements were performed on the six samples before and after annealing using an X'Pert materials research diffractometer system. Figs. 4(a) and 4(b) show the XRR specular scan data of annealed samples S1 and S2, respectively.
The data have been simulated by using PANalytical X'Pert Reflectivity (Version 1.1) software. This program   FIG. 3 . Projection of the temperature dependent remnant moment after 1000 Oe field cool for bilayer sample S1 (d ¼ 3 nm) after 1st, 3rd, 5th, 7th etch and anneal steps. makes use of the Parratt formalism for reflectivity, 30 and the approach used is detailed in Refs. 31 and 32. A model in which the sample contains five layers was used. The bottom layer is the GaAs substrate plus the buffer layer, the top is a few nanometer oxidized surface, and between them are the (Al,Ga,Mn)As layer, an As deficient (Al,Ga,Mn)As layer, and the (Ga,Mn)As layer. Each layer has different parameters for material density, layer thickness, and surface or interfaceroughness (root mean squared roughness (R RMS )), which means there are 15 parameters for the simulation. It is preferable to reduce the number of parameters for this multiparameter simulation. Because the substrate (buffer layer) is a TABLE I. The T C and anisotropy of the individual layers determined for 6 samples before and after annealing and also the (Ga,Mn)As/(Al,Ga,Mn)As interface structure obtained by x-ray reflectivity. high quality GaAs single crystal, all the parameters of this layer can be fixed to constant values. Due to the high quality epitaxy growth, it should have a smooth interface between the As normal and As deficient (Al,Ga,Mn)As layer, which means the roughness of this interface should be close to zero. This has been proved by the simulation results which show the values of roughness at this interface are less than 0.1 nm (within the precision of XRR measurement) for all the samples.
The simulation shows similarly good fitting for most of samples except sample S4 with d ¼ À3 nm. The reason could be that the (Ga,Mn)As layer containing excess As has a more complicated structure than other samples. The simulation results for the XRR measurements of the remaining 5 samples are shown in Table I . As shown in Fig. 4(c) , there is a clear trend between the roughness of the interface between (Ga,Mn)As and (Al,Ga,Mn)As layers, and the T C of the bottom layer for the annealed samples. In particular, suppression of interstitial Mn out-diffusion occurs when the interface-roughness is larger than a monolayer (%0.3 nm). A roughening of the growth surface under As-deficient conditions is known to occur for GaAs as well as (Ga,Mn)As (Ref. 33 ) and may be related to the formation of deep-level defects (e.g., Ga As anti-sites, Ga interstitials, or As vacancies) and Ga droplets which may become energetically favorable when there is a deficit of As. Such defects may form an electrostatic barrier close to the interface, opposing the diffusion of interstitial Mn and reducing T C . This may explain why the T C of the (Al,Ga,Mn)As layer after annealing is strongly correlated with the (Ga,Mn)As/(Al,Ga,Mn)As interface-roughness.
For the two films with the highest value of d 0 (the thickness of As deficient (Al,Ga,Mn)As layer from XRR measurement), the uniaxial easy axis of the (Ga 0.94 Mn 0.06 )As layer lies along the [110] axis. This is in contrast to the control sample as well as the bilayer films with d 0 < 2.5 nm, for which the easy direction is along [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Although the origin of the uniaxial component of the anisotropy is uncertain, it has been suggested that it arises due to the direction of As bonds at the growth surface. 34 It may therefore be inferred that growing with a significant deficiency of As at the interface affects the surface reconstruction and thus the incorporation of Mn, in such a way that the [110] becomes the preferred easy axis direction. This behavior is also observed in Co 50 Fe 50 grown on n-type GaAs. 35 Our results show that the out-diffusion of interstitial Mn in ferromagnetic semiconductor bilayer films can be suppressed by reducing the As flux in the interface region during growth. In this way, it may be possible to tailor the magnetic properties of adjacent magnetic layers such that there are large differences in T C and magnetic anisotropy. This will be useful for growing heterostructures with desired magnetic properties for studies of interlayer magnetotransport phenomena, such as TMR, TAMR, and STT.
